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Abstract

Background: Glutamate and aspartate are preferred nutrients for a variety of microorganisms. In the case for many
Pseudomonas spp., utilization of these amino acids is believed to be dependent on a transporter complex
comprised of a periplasmic-solute binding protein (AatJ), two permease domains (AatQM) and an ATP-binding
component (AatP). Notably, expression of this transporter complex is hypothesized to be regulated at the
transcriptional level by the enhancer-binding protein AauR and the alternative sigma factor RpoN. The purpose of
the current study was to determine the biological significance of the putative aat/)-aatOQMP operon and its
regulatory aauR and rpoN genes in the utilization of L-glutamate, L-glutamine, L-aspartate and L-asparagine in
Pseudomonas aeruginosa PAO1.
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or consume L-glutamate as a sole or preferred nutrient.

aeruginosa

Results: Deletion of the aat/-aatOMP, aauR or rpoN genes did not affect the growth of P. aeruginosa PAO1 on L-
glutamate, L-glutamine, L-aspartate and L-asparagine equally. Instead, only growth on L-glutamate as the sole
carbon source was abolished with the deletion of any one of these genes. Interestingly, growth of the aauR mutant
on L-glutamate was readily restored via plasmid-based expression of the aatQMP genes, suggesting that it is the
function of AatOMP (and not AatJ) that is limiting in the absence of the aauR gene. Subsequent analysis of beta-
galactosidase reporters revealed that both aat) and aatQ were induced in response to L-glutamate, L-glutamine, L-
aspartate or L-asparagine in a manner dependent on the aauR and rpoN genes. In addition, both aat/ and aatQ
were expressed at reduced levels in the absence of the inducing-amino acids and the regulatory aauR and rpoN
genes. The expression of the aat/-aatOMP genes is, therefore, multifaceted. Lastly, the expression levels of aat/ were
significantly higher (> 5 fold) than that of aatQ under all tested conditions.

Conclusions: The primary function of AauR in P. geruginosa PAO1 is to activate expression of the aatJ/-aatQMP
genes in response to exogenous acidic amino acids and their amide derivatives. Importantly, it is the AauR-RpoN
mediated induction of the aatOMP genes that is the pivotal factor enabling P. aeruginosa PAO1 to effectively utilize
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Background

The assimilation or utilization of dicarboxylates from
the environment is wide-spread among soil-dwelling and
plant-associated bacteria. For some bacteria, dicarboxy-
lates serve as preferred nutrients for cellular growth
whereas for others consumption of these compounds is
an important component of their complicated lifestyles.
An example of the latter is the establishment of symbi-
otic relationships between Rhizobia and plants; the exu-
dates from plants are a rich source of C,-dicarobxylates,
especially malate [1, 2]. Bacteria belonging to the genus
Pseudomonas are some of the best-known examples of
the former in which both C4- and Cs-dicarboxylates are
at the top of the hierarchy for carbon source utilization
(3, 4].

In the two instances given above it is the transport of
dicarboxylates across the bacterial membrane that is
often a major control point or regulated step in their
utilization. Regulation of dicarboxylate transport is com-
monly achieved through a two-component signal trans-
duction system (TCS) comprised of the histidine sensor
kinase DctB and its cognate response regulator DctD [1,
5]. In the typical DctBD TCS, extracellular dicarboxy-
lates are expected to bind to the periplasmic input do-
main of DctB and stimulate the phosphorylation of a
conserved histidine residue within its cytoplasmic trans-
mitter domain. The phosphoryl group is subsequently
transferred from the phosphohistidine of DctB to a con-
served aspartate residue located in the response-
regulator domain of DctD. Phosphorylated DctD then
activates or upregulates the transcription of genes en-
coding for dicarboxylate-related transport proteins. In
addition to being a response regulator, DctD is part of
an unusual family of bacterial transcriptional regulators

called enhancer-binding proteins or EBPs [6, 7]. The un-
usual or unique functionality of EBPs is due to the fact
that they are the only known family of transcriptional
regulators that activate transcription from the - 12/- 24
promoters recognized by the alternative sigma factor
RpoN [8-10]. In other words, transcription from RpoN-
controlled - 12/- 24 promoters are dependent on EBPs.
This means that genes under the regulation of the
DctBD TCS are also potentially governed by RpoN in
the bacterial cell.

Interestingly, the genomes of various Pseudomonas
spp. encode for three distinct DctBD TCSs wherein each
one is specific towards a particular class of dicarboxy-
lates. Two of these systems have been characterized for
Pseudomonas aeruginosa PAO1. The classical or proto-
typical DctBD TCS of P. aeruginosa PAOL1 is encoded by
the PA5165 — PA5166 genes, and regulates the transport
of Cy-dicarboxylates, including succinate, fumarate and
malate [11]. Specifically, DctD activates transcription of
genes encoding for a Cy-dicarboxylate-sodium symporter
known as DctA and a tripartite ATP-independent peri-
plasmic or TRAP transporter called DctPQM. The sec-
ond characterized DctBD TCS of P. aeruginosa consists
of the sensor kinase MifS (PA5512) and its cognate re-
sponse regulator MifR (PA5511). The MifSR TCS was
originally identified for its role in microcolony formation
and named accordingly [12]. It was later demonstrated
that the MifSR TCS is required for the utilization of Cs-
dicarboxylates such as a-ketoglutarate (a-KG) in which
MifR activates transcription of the PA5530 gene, encod-
ing for a Cs-dicarboxylate-proton symporter [13-15].
The utilization of C4- and Cs-dicarboxylates as a sole
carbon source in P. aeruginosa PAO1 is dependent on
DctD and MifR, respectively [11, 13].
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The third and final DctBD TCS occurring in P. aer-
uginosa PAO1 is that of the acidic-amino acid
utilization regulator AauR (PA1335) and its partner
sensor histidine kinase AauS (PA1336). The AauSR
TCS has only been investigated in Pseudomonas
putida KT2440 where it was shown to have an influ-
ential effect in the utilization of L-glutamate, L-
glutamine and L-aspartate [16, 17]. Notably, expres-
sion of an ATP-binding cassette (ABC) transporter
complex encoded by the aat/-aatQMP genes was ob-
served to be upregulated in response to L-glutamate,
and the aauR gene was implicated as being required
for full expression of this gene cluster in P. putida
KT2440 [16]. Subsequent analysis revealed that the
periplasmic solute-binding protein Aat] exhibits affin-
ity constants of ~0.3 and 1.5uM for L-glutamate and
L-aspartate, respectively, while deletion of the aat/-
aatQMP locus in P. putida KT2440 resulted in dras-
tic growth reductions on L-glutamate, L-aspartate or
L-glutamine if present as the sole source of carbon
and nitrogen [17]. DNase I footprinting experiments
suggest that AauR binds to the consensus sequence
TTCGG-N;-CCGAA located in the 5'-regulatory or
promoter region of the aatj-aatQMP operon [17]. Pu-
tative AauR-binding sites were also found within the
5'-regulatory regions of gltP (glutamate/aspartate
symporter), ppsA (phosphoenolpyruvate synthase),
ansB (glutaminase/asparaginase) and dsbC (thiol/disul-
fide exchange protein), arguing that the AauSR TCS
regulates a consortium of genes in response to L-
glutamate, L-glutamine and/or L-aspartate in P.
putida KT2440 [17].

The 5'-regulatory region of the aat/-aatQMP genes in
P. aeruginosa PAO1 possesses putative binding sites for
both AauR and RpoN (Fig. 1). One of the putative
AauR-binding sites or motifs upstream of aatJ-aatQMP
in P. aeruginosa PAOL is an exact match to the pub-
lished consensus sequence for AauR of P. putida
KT2440 [17], and it was previously found that RpoN
does bind to the aat/ locus in P. aeruginosa PA1l4
through ChIP seq [18]. Collectively, these findings
strongly suggest that the aat/-aatQMP genes are under
the control of AauR and RpoN in P. aeruginosa PAO1L.
However, the aat/ and aatQMP genes are separated by a
201 bp intergenic region [19]. The presence of such an
appreciable intergenic region between the aat/ and
aatQMP genes questions the validity of them forming
an operon or being necessarily coordinately regulated.
Therefore, in order to have a foundational understand-
ing of AauR regulation in P. aeruginosa PAOL, the con-
tributions of both the aat/ and aatQMP loci, as well as
the regulatory aauR and rpoN genes, towards the
utilization of acidic amino acids and their carboxamide
counterparts were investigated.
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Results

The aauR and rpoN genes are required for optimal
growth on L-glutamate and L-glutamine as sole carbon
sources

The aauR (PA1335), aat] (PA1342) and aatQM
(PA1341 — PAI1340) genes were individually deleted
from the genome of P. aeruginosa PAO1L. The result-
ing markerless AaauR, Aaat], and AaatQM mutants,
in addition to an rpoN:Q-Km mutant and wild-type
P. aeruginosa PAOI1, were then grown in minimal
media in which L-glutamate, L-glutamine, L-aspartate
or L-asparagine served as the sole source of nitrogen
or carbon. As shown in Fig. 2, the growth of the
AaauR mutant did not differ significantly from wild-
type P. aeruginosa PAO1l when each amino acid
served as the sole source of nitrogen. However,
growth deficiencies were observed for the AaauR mu-
tant when either L-glutamate or L-glutamine served
as the sole carbon source (Fig. 3). After 18 h of
growth on L-glutamate as the sole carbon source,
wild-type P. aeruginosa PAO1 reached a cell density
(ODggp) of ~ 1.0 while the AaauR mutant yielded an
ODggo of ~0.1 (Fig. 3a). The AaauR mutant fared
better on L-glutamine as a carbon source, reaching an
ODggp of ~ 0.3, which was 3-fold lower than that ob-
served for wild-type P. aeruginosa PAO1 (Fig. 3b).
The final cell densities for wild-type P. aeruginosa
PAO1 and the AaauR mutant on L-aspartate as the
sole carbon source were similar (ODgg of ~0.6) (Fig.
3c), and the growth curves for both of these strains
were identical to one another when L-asparagine was
the carbon source (Fig. 3d). These results suggest that
the aauR gene of P. aeruginosa PAOL1 is not essential
for the utilization of acidic amino acids and their
amide derivatives in general, but instead, is specific
towards the utilization of L-glutamate and L-
glutamine as sole or preferred carbon sources. Com-
parable results were observed for AaauR mutants of
P. aeruginosa PA14 and PAK, both of which displayed
significant growth reductions (>2-fold) on L-
glutamate or L-glutamine as the sole carbon source
(Fig. 4).

Growth of the rpoN:Q-Km mutant was significantly
decreased compared to that of wild-type P. aeruginosa
PAO1 under all conditions tested except when L-
asparagine served as the sole nitrogen source (Fig. 2d).
In the presence of L-glutamate (Fig. 2a) and L-aspartate
(Fig. 2¢) as nitrogen sources, the rpoN:Q2-Km mutant
grew to a final ODgg of ~ 0.3. The rpoN::Q2-Km mutant
displayed an extended lag phase on L-glutamine as a ni-
trogen source (Fig. 2b), but its final ODggy was 0.8,
which was only slightly below the value of ~1.2 ob-
served for wild-type P. aeruginosa PAO1 and the AaauR
mutant. When the four amino acids were used as the
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Fig. 1 Genetic organization of the aat)-aatQMP genes of P. aeruginosa PAO1. a The uptake of acidic amino acids is believed to mediated through
an ABC transporter complex encoded by the aat/-aatQMP cluster. Positioned 131-144 bp upstream of the aat/ ORF is a putative —12/-24
promoter (Prpon), Which is the promoter specifically recognized by the sigma factor RpoN. Located upstream of the — 12/— 24 promoter are two
sequences or motifs resembling the consensus DNA-binding site for the EBP AauR of P. putida KT2440. The presence of these predicted sites is a
strong indicator that both AauR and RpoN are involved in the regulation of aat)-aatQMP genes, and therefore, the transport of acidic amino
acids. To investigate this regulation, two (3-galactosidase (LacZ) reporters were constructed and are illustrated: aat)-lacZ and aatQ-lacZ. Although
not the subject of the current study, the ansB and ggt genes potentially form an operon with aat/-aatQMP, and collectively, are coordinately
regulated in response to acidic amino acids and their amide derivatives in P. aeruginosa PAO1. b Close-up view of the putative — 12/—24
promoter (Prpon) @and AauR-binding site (motifs 1 and 2) located upstream of the aat/ ORF in P. aeruginosa PAO1

sole carbon sources, the growth of the rpoN:Q-Km mu-  the rpoN:Q2-Km mutant were 5-fold lower than that
tant became even more limited. No growth was observed  of wild-type P. aeruginosa PAO1. These results sup-
for the rpoN::Q2-Km mutant when L-glutamate (Fig. 3a) port earlier findings demonstrating the essentiality of
or L-aspartate (Fig. 3c) was the carbon source. In the the rpoN gene in the utilization of these amino acids
presence of L-glutamine (Fig. 3b) or L-asparagine as carbon sources in P. aeruginosa PAl4 and P.
(Fig. 3d) as the carbon source, the cell densities of putida [20, 21].
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Fig. 2 Growth of AaauR, rpoN-Q-Km, Aaat) and AaatOM mutants of P. aeruginosa PAO1 on L-glutamate (a), L-glutamine (b), L-aspartate (c) and
L-asparagine (d) as nitrogen sources. Bacteria were grown at 37 °C in minimal media supplemented with 20 mM glucose and 10 mM of indicated
amino acid as the sole nitrogen source. Data points represent mean values (n =3) £+ SD

The aat) and aatQM genes are essential for optimal
growth on L-glutamate, L-glutamine and L-aspartate as
sole carbon sources

In the presence of L-glutamate as the sole nitrogen
source, the final cell densities of the Aaat/ and AaatQM
mutants were ~ 0.3 and 0.6, respectively, both of which
were significantly lower than the ODggy of ~ 1.0 ob-
served for the AaauR mutant and wild-type P. aerugi-
nosa PAOL1 (Fig. 2a). In contrast, the Aaat] and AaatQM
mutants displayed wild-type growth when L-glutamine
was the only available nitrogen source (Fig. 2b). Hin-
dered growth was observed for the AaatJ and AaatQM
mutants when L-aspartate was the sole nitrogen source
(Fig. 2¢), but both mutants grew similar to wild-type P.
aeruginosa PAOL1 in the presence of L-asparagine as the
nitrogen source (Fig. 2d). Interestingly, deletions of the
aat] and aatQM genes had negative effects on the

utilization of L-glutamate and L-aspartate as nitrogen
sources, which was not observed when the regulatory
aauR gene was deleted.

There were substantial growth deficiencies observed
for the Aaat] and AaatQM mutants in the presence
of L-glutamate, L-glutamine and L-aspartate as carbon
sources (Fig. 3). Both mutants did not grow on L-
glutamate as a carbon source (Fig. 3a), and both
reached a final ODgpy of ~ 0.2 on L-glutamine as the
sole carbon source (Fig. 3b) compared to ~0.9 for
wild-type P. aeruginosa PAO1. When L-aspartate was
the carbon source, the Aaat/ and AaatQM mutants
each yielded an ODggg of ~0.3 (Fig. 3c), which was
about 2-fold lower than that of wild-type P. aerugi-
nosa PAOIL. The Aaat/] and AaatQM mutants did,
however, display wild-type growth on L-asparagine as
the sole carbon source (Fig. 3d).
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Fig. 3 Growth of AaauR, rpoN-Q-Km, Aaat) and AaatOM mutants of P. aeruginosa PAO1 on L-glutamate (a), L-glutamine (b), L-aspartate (c) and
L-asparagine (d) as carbon sources. Bacteria were grown at 37 °C in minimal media supplemented with 10 mM NH,Cl and 20 mM of indicated
amino acid as the sole carbon source. Data points represent mean values (n=3) +SD

Elevated concentrations of L-glutamate are present in the
spent medium of the AaauR mutant compared to wild-
type P. aeruginosa PAO1

Deletion of the aauR gene reduced the growth of P. aer-
uginosa PAO1 on L-glutamate as the sole source of car-
bon but not nitrogen. This suggested that the uptake or
assimilation of L-glutamate was not completely abol-
ished in the AaauR mutant. To gain further insight into
this matter, the depletion of L-glutamate, L-glutamine,
L-aspartate and L-asparagine from the growth medium
was measured for both the AgauR mutant and wild-type
P. aeruginosa PAO1. Cells were grown in glucose-
minimal media that was supplemented with one of these
four amino acids as the sole nitrogen source at an initial
concentration of 20 mM, and the concentration of these
four amino acids in the cell-free spent medium were
quantified by HPLC at 6.0 and 9.0 h post inoculation.

At 6.0 h post inoculation, L-glutamate decreased from
an initial concentration of 20 mM to 8.4+ 0.2 and 17.8 +
0.1 mM in the spent medium of wild-type P. aeruginosa
PAO1 and the AgauR mutant, respectively (Fig. 5a).
Three hours later at 9.0 h post inoculation, L-glutamate
was not detected in the spent medium from wild-type
cells but was still present at a concentration of 12.2 +
0.6 mM for the AaauR mutant. The depletion of L-
glutamine as the sole nitrogen source was also notice-
ably different between the two strains (Fig. 5b). At 6.0h
post inoculation, L-glutamine was not detected in the
spent medium of wild-type cells but L-glutamate was
found to be present at a concentration of 11.0 + 0.4 mM.
Neither L-glutamine nor L-glutamate was observed in
the spent medium from wild-type P. aeruginosa PAO1
at 9.0 h post inoculation. In sharp contrast, L-glutamine
(but not L-glutamate) was detected at a concentration of
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J

10.8 £ 0.3 mM in the spent medium from the AaauR
mutant at 6.0 h post inoculation. Subsequently, at 9.0 h
post inoculation, L-glutamine was no longer detected in
the spent medium from the AaauR mutant while L-
glutamate was detected at a concentration of 14.1 + 0.6
mM.

When L-aspartate served as the sole nitrogen
source, its concentration in the spent medium was
144+ 1.1 and 15.8+0.2 for wild-type P. aeruginosa
PAO1 and the AgauR mutant, respectively, at 6.0h
post inoculation (Fig. 5¢). The extracellular concentra-
tion of L-aspartate decreased to 4.4+ 0.2 for wild-type
P. aeruginosa PAO1 at 9.0 h post inoculation whereas
for the AaauR mutant it was 2-fold higher, yielding a
concentration of 10.0 £ 0.5 mM. The depletion of L-
asparagine was similar between the AaauR mutant
and wild-type P. aeruginosa PAO1 (Fig. 5d). For both
strains at 6.0h post inoculation, extracellular L-
asparagine was at a concentration of ~8.0mM and
no extracellular L-aspartate was detected. At 9.0h
post inoculation, L-asparagine was completely absent

from the spent medium from both strains while L-
aspartate was detected at concentrations of ~ 1.0 mM.

Plasmid-based expression of aatQMP or aatJ-aatQMP in
the AaauR mutant restores its growth to wild-type levels
when L-glutamate or L-glutamine served as the sole
carbon source

The findings from the aforementioned experiments indi-
cated that the growth deficiencies observed for the
AaauR mutant might be the result of insufficiencies in
L-glutamate uptake or transport associated with deregu-
lation of the aatJ-aatQMP locus. As a first step to ad-
dress this possibility, the aat/, aatQMP, and the aat/-
aatQMP genes were individually cloned under the lac
promoter of the expression plasmid pBBR1IMCS-5, and
the resulting constructs were introduced into the AaauR
mutant. Recombinant strains were subsequently grown
in minimal media supplemented with 30 uyg mL™~ ' genta-
micin and 20 mM L-glutamate or L-glutamine as the
sole carbon source. The AaauR mutant harboring empty
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bacterial samples grown at 37 °C in glucose-minimal media supplemented with an initial concentration of 20 mM of indicated amino acid. ND

denotes not detected

pBBRIMCS-5 and an aauR-pBBRIMCS-5 derivative
were included in the analysis.

The AaauR mutant transformed with aauR-, aatQMP-,
or aat]-aatQMP-pBBRIMCS-5 displayed wild-type levels
of growth in the presence of either L-glutamate (Fig. 6a)
or L-glutamine (Fig. 6b) as the sole carbon source. In con-
trast, no growth (ODggg < 0.1) was observed for the AaauR
mutant harboring aat/-pBBRIMCS-5 on either amino

acid. It is interesting to note that plasmid-based expres-
sion of the aatQMP genes was sufficient to rescue the L-
glutamate and L-glutamine related growth deficiencies of
the AaauR mutant. This suggests that the expression of
the aatQMP genes, and not aat/ nor the entire aat/-
aatQMP cluster, are the main limiting factor for
utilization of L-glutamate and L-glutamine in the absence
of the regulatory aauR gene.
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Fig. 6 Genetic-complementation experiments for the AaauR mutant grown on L-glutamate (a) and L-glutamine (b) as carbon sources. The
AaauR mutant was transformed with expression plasmids encoding for aauR (aauR-pBBR1TMCS-5), aat/ (aatJ-pBBRTMCS-5), aatOMP (aatQMP-
PBBRTMCS-5) or aat/OMP (aatJOMP-pBBR1MCS-5). Both wild-type P. geruginosa PAO1 and the AaauR mutant harboring empty plasmid
(pBBR1MCS-5) were included as controls. Bacteria were grown at 37 °C in minimal media supplemented with 30 ug mL™" gentamicin, 10 mM
NH,4Cl and 20 mM of indicated amino acid as the sole carbon source. Data points represent mean values (n = 3) + SD

The aauR and rpoN genes are essential for the induction
of aatJ-lacZ and aatQ-lacZ in response to acidic amino
acids and their amide derivatives

Based on the findings of AauR regulation in P. putida
KT2440 [16], it was expected that expression of the
aat]-aatQMP genes in P. aeruginosa PAO1 would be
regulated to some degree by the availability of L-
glutamate in a mechanism consisting of the EBP AauR
and the sigma factor RpoN. It was uncertain, however,
as to whether the expression of the aat/-aatQMP genes
would be completely dependent on AauR and RpoN, or
if these regulatory proteins are only necessary for the
upregulation or induction of this locus in response to L-
glutamate. To evaluate the expression of the aat/-
aatQMP genes, two plasmid-based LacZ reporters were
constructed: aat/-lacZ and aatQ-lacZ. As shown in Fig.
1, both aat/-lacZ and aatQ-lacZ have the same ~ 1000
bp 5'-regulatory region immediately upstream of the
aat] ORF. The aatQ-lacZ also possesses the aat] ORF
and the 201 bp intergenic region between the aat/ and
aatQ OREFs.

The aat]-lacZ and aatQ-lacZ reporters were intro-
duced into the AaauR and rpoN:Q-Km mutants, as well
as wild-type P. aeruginosa PAO1. Recombinant strains
were grown in L-alanine-minimal media to an ODgqo of
0.2, and subsequently challenged with the addition of 20

mM of succinate, a-KG, L-arginine, L-histidine, L-
glutamate, L-aspartate, L-glutamine or L-asparagine. Be-
cause L-alanine was reported to have minimal influence
in catabolite repression and global-gene regulation in
Pseudomonas [22, 23], it was an ideal choice for estab-
lishing a baseline level of expression for the aat/-lacZ
and aatQ-lacZ reporters while simultaneously serving as
a permissible or growth-sustaining nutrient for the
AaauR and rpoN:Q-Km mutants. Representative Cgy-
and Cs-dicarboxylates were included as substrates in the
analysis due to the fact that AauR is a predicted member
of the DctD-family of EBPs. In addition, L-glutamate is
an intermediate in the catabolism of L-arginine and L-
histidine [24, 25], so both of these amino acids were in-
cluded as substrates in these assays. Because a lag phase
of ~3.0h was observed for wild-type P. aeruginosa
PAO1 when grown on acidic amino acids and their
amide derivatives, LacZ activity was measured near the
beginning and end of this phase, i.e., 1.0 and 3.0 h post
addition of substrate. LacZ activity is reported in Miller
Units (MU).

The expression levels for aat/-lacZ in response to L-
alanine as the sole carbon source were ~ 25,000 MU in
wild-type P. aeruginosa PAO1 at both the 1.0 and 3.0h
timepoints (Fig. 7a). Expression of aat/-lacZ in response
to L-alanine was only slightly higher for the AaauR (Fig.
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Fig. 7 LacZ activity of aat/-lacZ in wild-type P. aeruginosa PAOT1 (a), the AaauR mutant (b) and the rpoN:Q-Km mutant (c). Bacteria were grown
in alanine-minimal media to an ODggq of ~ 0.2 and then challenged with 20 mM of indicated substrate. LacZ activity was subsequently measured
at 1.0 and 3.0 h post addition of substrate and is reported in Miller Units (MU). Data points represent mean values (n = 3) + SD. For each strain or

mutant, an ANOVA was performed with a Dunnett’s post hoc test (a value, 0.05) to identify significant changes in the expression of aat)-lacZ
relative to the alanine-treated control. Significant differences (P < 0.0001) are indicated with asterisks

7b) and rpoN:Q-Km (Fig. 7c) mutants, yielding LacZ ac-
tivities of ~ 35,000 MU for both timepoints. The expres-
sion levels for aat/-lacZ in the sole presence of L-
alanine were not statistically different among the three
strains, and thus, served as the baseline for all subse-
quent comparisons.. When challenged with L-glutamate,
L-aspartate, L-glutamine or L-asparagine, the expression
levels of aatj-lacZ increased by > 2-fold in wild-type P.
aeruginosa PAO1 at 3.0 h post addition (Fig. 7a) whereas
no such induction was observed for the AaauR (Fig. 7b)
or rpoN:Q2-Km mutant (Fig. 7c). The expression levels
of aat]-lacZ did not significantly increase at 1.0 h post
addition for any tested substrate or strain.

Expression of aat/-lacZ was significantly influenced by
the presence of succinate, a-KG and L-arginine in wild-
type P. aeruginosa PAO1 (Fig. 7a). At 3.0 h post addition
of succinate or a-KG, expression of aat/-lacZ increased
by 2-fold (~55,000 MU) in wild-type P. aeruginosa
PAOL. The presence of L-arginine actually repressed the
expression of aat/-lacZ, yielding LacZ activities of ~ 15,
000 MU for wild-type P. aeruginosa PAO1 at the 3.0
timepoint. Similar repression of aat/-lacZ by L-arginine
was observed for the AgauR mutant (Fig. 7b). The
changes or fluctuations in the expression of aat/-lacZ
caused by succinate, «a-KG or L-arginine were not ob-
served in the rpoN:Q-Km mutant (Fig. 7c). Lastly, the
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presence of L-histidine did not significantly affect the ex-
pression of aat/-lacZ in any of the three investigated
strains.

The expression levels for aatQ-lacZ were significantly
lower than that of aat/-lacZ for all tested substrates in
all three strains (Fig. 8). In wild-type P. aeruginosa
PAO1 (Fig. 8a), the expression levels for aatQ-lacZ in
response to L-alanine as the sole carbon source gener-
ated LacZ activities of ~ 3500 MU for both the 1.0 and
3.0 h timepoints. This value increased by > 2-fold at 3.0
h post addition of L-glutamate, L-aspartate, L-glutamine,
L-asparagine, or unexpectedly, L-histidine. Unlike that of
aat]-lacZ, the addition of succinate, a-KG or L-arginine
had no significant effect on the expression of aatQ-lacZ
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in wild-type P. aeruginosa PAO1L. Expression of aatQ-
lacZ in the AaauR (Fig. 8b) and rpoN:Q2-Km (Fig. 8c)
mutants was not significantly affected by the addition of
any substrate. The average LacZ activities for aatQ-lacZ
in these mutants ranged from 2000 to 4500 MU.

Discussion

The transporter AatJQMP has a fundamental role in the
utilization of L-glutamate and L-glutamine in P.
aeruginosa PAO1

The genome of P. aeruginosa PAO1 encodes for three
putative glutamate transporters: the ABC-transporter
complex AatJQMP (PA1339 — PA13342), the sodium-
glutamate symporter GItS (PA3176), and the proton-
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Fig. 8 LacZ activity of aatQ-lacZ in wild-type P. aeruginosa PAOT1 (a), the AaauR mutant (b) and the rpoN:Q-Km mutant (c). Bacteria were grown
in alanine-minimal media to an ODgyg of ~ 0.2 and then challenged with 20 mM of indicated substrate. LacZ activity was subsequently measured
at 1.0 and 3.0 h post addition of substrate and is reported in Miller Units (MU). Data points represent mean values (n = 3) + SD. For each strain or
mutant, an ANOVA was performed with a Dunnett's post hoc test (a value, 0.05) to identify significant changes in the expression of aatQ-lacZ
relative to the alanine-treated control. Significant differences (P < 0.0001) are indicated with asterisks
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glutamate symporter GItP (PA5479). Deletion of the aat/
or aatQM genes in P. aeruginosa PAOL significantly re-
duced the growth of this bacterium on L-glutamate as
either the sole source of nitrogen or carbon (Figs. 2a and
3a); although as a sole carbon source, growth was more
severely hindered. Similar growth deficiencies on L-
glutamate have been observed for aatQMP-transposon
mutants of P. aeruginosa PAK [26]. It would appear that
the importance of AatJQMP in L-glutamate utilization is
not restricted to PAOI1, but is likely common among
other various strains and isolates of P. aeruginosa. The
roles of GItS, GItP and other dicarboxylate-transport
proteins in L-glutamate utilization have yet to be re-
solved, but the presence of these transporters would ex-
plain the lingering or residual growth observed for the
Aaat] and AaatQM mutants of P. aeruginosa PAO1 on
L-glutamate. Lastly, it should be mentioned that trans-
poson insertions of the aat/, aatQ, and aatP genes were
previously reported to abolish the growth of P. aerugi-
nosa PAO1 on D-glutamate as the sole carbon and ni-
trogen source [27]. This suggest that the transporter
AatJQMP is not stereospecific, and thus, plays a central
role in the utilization of both L- and D-isomers of glu-
tamate in P. aeruginosa PAOL.

The aatJ-aatQMP genes were required for optimal
growth of P. aeruginosa PAO1 on L-glutamine as the
sole source of carbon but not nitrogen (Figs. 2b and 3b).
The PA5073 — PA5076 operon of P. aeruginosa PAO1
encodes for a putative glutamine ABC-transporter com-
plex, but a previous analysis of transposon mutants indi-
cates that this locus is not required for growth on any of
the twenty common amino acids [26]. Nonetheless, it is
still plausible that L-glutamine enters the cell through
PA5073 — PA5076 and then undergoes transamination
and/or deamidation to yield L-glutamate. Another route
for assimilation of L-glutamine involves deamidation in
the periplasm catalyzed by the glutaminase-asparaginase
AnsB (PA1337) [28] with the subsequent transport of
the L-glutamate product via AatJQMP, GItS, GItP and/
or additional dicarboxylate-transport proteins. Data from
the HPLC analysis (Fig. 5b) supports the existence of
this extracellular metabolic conversion. Notably, because
the periplasmic deamidation of L-glutamine liberates
ammonia, a readily consumable nitrogen source, the
bacterium does not have a strict requirement for the up-
take of L-glutamine directly or the L-glutamate product
to fulfill its nitrogen demands. This would account for
the unperturbed growth observed for the Aaat?/ and
AaatQM mutants of P. aeruginosa PAOl on L-
glutamine as a source of nitrogen but not carbon (Figs.
2b and 3b); the latter of which requires the L-glutamate
product as a precursor for cellular biosynthesis. A simi-
lar result was observed for P. aeruginosa PAK in which a
transposon mutation of the aatM gene eliminated its
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growth on L-glutamine as a source of carbon but not ni-
trogen [26].

The transporter AatJQMP affects the utilization of L-
aspartate but not L-asparagine in P. aeruginosa PAO1
Growth was observed for both the Aaat/ and AaatQM
mutants on L-aspartate as a nitrogen or carbon source,
but the final cell densities for these mutants were 2-fold
lower than that of wild-type P. aeruginosa PAO1 (Figs.
2¢ and 3c). This indicates that the transporter AatfQMP
is required for optimal utilization of L-aspartate as a pre-
ferred or sole nutrient. In an earlier study, data from
LacZ assays and microarray analysis clearly demon-
strated that exogenous L-aspartate induced expression
of the dctA and dctPQM genes in P. aeruginosa PAO1
[29]. These previous results suggest that the Cy-dicar-
boxylate transporters DctA and DctPQM might facilitate
the uptake of L-aspartate, and therefore, would give rea-
son as to why the Aaat/ and AaatQM mutations had a
less deleterious effect in the utilization of L-aspartate
compared to that of L-glutamate, a Cs-dicarboxylate. For
comparison purposes, neither L-aspartate nor L-
glutamate induced expression of the Cs-dicarboxylate
transporter gene PA5530 [13, 29].

The utilization of L-asparagine is not dependent on
AatJQMP in P. aeruginosa PAO1. Analogous to that of L-
glutamine, one might expect that exogenous L-asparagine
is deaminated in the periplasm through the actions of
AnsB, and the resulting L-aspartate transported intracellu-
larly via AatJQMP, DctA and DctPQM. However, results
from our HPLC analysis indicated that very little L-
aspartate (< 1.0 mM) accumulated in the extracellular mi-
lieu of P. aeruginosa PAO1 when fed an initial concentra-
tion of 20 mM L-asparagine as the sole nitrogen source
(Fig. 5d). This is in sharp contrast to the > 10 mM L-glu-
tamate that amassed in the spent medium when cells were
given a starting concentration of 20 mM L-glutamine as
the sole nitrogen source (Fig. 5b). In a previous study, ex-
ogenous L-asparagine was shown to induce expression of
two transporter-gene lacZ fusions, PAS5530